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Abstract Sex chromosomes in flowering plants evolved
recently and many of them remain homomorphic, including
those in papaya. We investigated the chromosomal location
of papaya’s small male specific region of the hermaphrodite
Y (Y") chromosome (MSY) and its genomic features. We
conducted chromosome fluorescence in situ hybridization
mapping of Y'-specific bacterial artificial chromosomes
(BACs) and placed the MSY near the centromere of the
papaya Y chromosome. Then we sequenced five MSY
BAC:s to examine the genomic features of this specialized
region, which resulted in the largest collection of contigu-
ous genomic DNA sequences of a Y chromosome in flow-
ering plants. Extreme gene paucity was observed in the
papaya MSY with no functional gene identified in 715 kb
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MSY sequences. A high density of retroelements and local
sequence duplications were detected in the MSY that is
suppressed for recombination. Location of the papaya MSY
near the centromere might have provided recombination
suppression and fostered paucity of genes in the male spe-
cific region of the Y chromosome. Our findings provide
critical information for deciphering the sex chromosomes
in papaya and reference information for comparative stud-
ies of other sex chromosomes in animals and plants.
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Introduction

Papaya (Carica papaya L.) is a major fruit crop in tropical
and subtropical regions worldwide. It is trioecious with all
three sex types, male, female, and hermaphrodite. Sex
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determination in papaya is controlled by a pair of incipient
sex chromosomes differentiated by a small male-specific
region of the Y chromosome (MSY) (Liu et al. 2004). The
Y chromosome appears to be degenerated as the YY geno-
type causes embryo abortion, resulting in segregation of sex
types in progenies from either female or hermaphrodite
fruits. Towards understanding the sex chromosome evolu-
tion in this recently evolved system, we designed experi-
ments to directly map the MSY on the Y chromosome and
sequence long stretches of genomic DNA of this male spe-
cific region. Such information would help set strategies for
identifying the sex determination genes and ultimately gen-
erate true breeding hermaphrodite varieties.

There are two slightly different Y chromosomes in
papaya, one controlling males, designated as Y, and the
other controlling hermaphrodites, designated as Y" (Ming
etal. 2007). Female papayas are homogametic with XX
chromosomes, whereas males and hermaphrodites are het-
erogametic with XY and XY" chromosomes, respectively.
Storey (1976) hypothesized that males and hermaphrodites
had the same genotype based on frequent sex reversals of
male-to-hermaphrodite and hermaphrodite-to-male flowers.
Comparison of 13 male MSY and hermaphrodite MSY
DNA sequences showed that they were nearly identical,
suggesting that the Y and Y" chromosomes might have
originated from the same ancestral chromosome (Liu et al.
2004). Since 32 of the 35 species in the family Caricaceae
are dioecious, the divergence of these two Y chromosomes
might have been the result of human selection for hermaph-
rodites (Storey 1976). If this were the case it would put the
divergence of Y and Y" in just thousands of years. Since
hermaphrodite papaya is used for fruit and papain produc-
tion in most papaya growing regions, a hermaphrodite
papaya bacterial artificial chromosome (BAC) library was
constructed that contains the Y" chromosome (Ming et al.
2001), leading to the discovery and preliminary character-
ization of the Y" chromosome (Ma et al. 2004; Liu et al.
2004). Severe suppression of recombination was docu-
mented by high-density genetic mapping and large scale
fine mapping of the sex determination gene; reduced gene
density and increased repetitive sequences relative to the
genome wide averages were observed by sequencing a
small number of subclones from selected MSY BACs
(Ma etal. 2004; Liu et al. 2004). However, the chromo-
somal location and genomic features from long contiguous
sequences (i.e. BACs) are unknown prior to this report.

The origin of sex chromosomes from a pair of autosomes
has been confirmed by comparative genomic analyses
between mammals and chicken (Smith and Sinclair 2004),
among species of Drosophila (Carvalho and Clark 2005)
and Silene (Filatov 2005), and by the recently discovered
incipient Y chromosomes in papaya and stickleback fish
(Liu et al. 2004; Peichel et al. 2004). It has been postulated
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that sex chromosomes evolved from linked male and
female-sterile mutations followed by suppression of recom-
bination at the sex determination locus and that this process
led to the degeneration of the Y chromosomes (Charlesworth
and Charlesworth 1978; Charlesworth 1991). Suppression
of recombination, which is a characteristic of sex chromo-
somes (Darlington 1958; Westergaard 1958; Ohno 1967),
could have been caused by a variety of mechanisms,
including chromosomal rearrangements, DNA methylation,
and accumulation of repetitive sequences (Charlesworth
etal. 1986; Jaarola etal. 1998; Maloisel and Rossignol
1998). Sex chromosomes have evolved independently,
even within the same genus, numerous times in animals and
more recently in flowering plants (Desfeux etal. 1996;
Charlesworth 2002; Carvalho and Clark 2005).

Once suppression of recombination occurs, the MSY
would accumulate mutations, transposable element inser-
tions, and local duplications, inversions, and translocations
that would lead to its degeneration. The male specific
region of the highly degenerated human Y chromosome
contains 78 protein coding genes, including two X-trans-
posed, 16 X-degenerated, and 60 ampliconic genes (Skaletsky
et al. 2003). Ancestral genes have degenerated or been
lost at a rate of 3—4 genes per million years (my) from the
human Y chromosome, from an ancestral set presumed to
be similar to the 1098 genes remaining on the human X
chromosome (Ross et al. 2005). The medaka fish Y chro-
mosome evolved from translocation of a duplicated frag-
ment from linkage group (LG) 9 that contained dmrtla to
LG1 (Nanda et al. 2002). The medaka sex determination
gene dmrtlbY evolved from dmrtla, whose ortholog dmrtl
is a candidate downstream sex determination gene in mam-
mals (Raymond etal. 1999; Matsuda etal. 2002). The
ancestral 43 kb sequence on LG9 contains four functional
genes and one pseudogene, whereas the 258 kb MSY of
medaka contains only one functional gene, which is the sex
determination gene dmrtIbY (Kondo et al. 2006).

Genetic mapping of the papaya MSY placed it in the
middle of LGl (Ma etal. 2004). Survey sequencing of
MSY BAC:s indicated a reduced gene density when com-
pared to the genome wide average (Liu et al. 2004). The
objectives of the present investigation are to map the MSY
BACs on the Y chromosome through chromosome in situ
hybridization and to assess the genomic features of the
MSY by complete sequencing of selected BACs.

Materials and methods

Plant materials

Leaf tissues from female and hermaphrodite plants of the
Hawaiian gynodioecious papaya cultivars Kapoho and
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SunUp, plus male and female plants of the Australian dioe-
cious variety AU9, were used for PCR. The roots, leaves,
and young flower buds from female and hermaphrodite
plants of SunUp and male plants of AU9 were used for
RT-PCR. Young flower buds containing anthers at various
stages of meiosis of the hermaphrodite cv. SunUp were
used for chromosome preparations.

Sequencing MSY BACSs and sequence assembly

The papaya BAC clones were sequenced using the shotgun
approach with at least 10X coverage. BAC DNAs were ran-
domly sheared using Hydroshear (Genomic Solutions, Ann
Arbor, MI, USA) to generate ~3 kb insert fragments. The
sheared fragments were size-selected on an agarose gel,
purified, end-repaired, and ligated to the pUC118 vector
(Takara, NY, USA). DNAs from the 3-kb libraries were
cycle-sequenced with ABI BigDye Terminator v3.1 and
analyzed on a 3730XL DNA Analyzer (Applied Biosys-
tems, Foster City, CA, USA).

Phred/Phrap/Consed and CAP3 packages were used for
sequence assembly. Gaps in assembly and regions of low-
quality were resolved by resequencing subclones identified
by Autofinish, sequencing PCR products, and/or additional
random subclone sequencing. All BAC clones were manu-
ally examined for signs of misassembly. Suspect regions
were clarified either by ambiguous read removal, PCR
amplification and sequencing, and/or alignment with a
neighboring BAC. A BAC was not considered complete
until all inconsistent read pairs were resolved and Consed
reported an error rate of less than 1/10,000 bases.

Indentification of repeats and transcription units
and comparative sequence analyses

Interspersed repeats and low-complexity regions were
identified and masked using RepeatMasker (http://www.
repeatmasker.genome.washington.edu) and the Arabidopsis
repeat database. Potential transcripts were identified using
GeneScan  (http://www.genes.mit.edu/GENSCAN.html).
The predicted transcripts were tested by RT-PCR. Genome
comparison browser (http://www.sunl.softberry.com) was
used for comparative sequence analysis.

RT-PCR

Total RNA was extracted from young flower buds
(0.4-0.7 cm, before meiosis stage), root, and leaf tissues.
One microgram of total RNA was treated with RNase-free
DNase (Promega, Madison, WI, USA) and then used for
cDNA synthesis using RETROscript kit (Ambion, CA,
USA). The synthesized cDNAs served as templates for
RT-PCR.

Preparation of chromosomes for fluorescence
in situ hybridization (FISH)

Young hermaphrodite flower buds containing anthers at
various stages of meiosis were fixed in 3:1 100% ethanol:
glacial acetic acid and kept at 4°C until analysis. Microsp-
orocytes at appropriate stages of prophase I were squashed
in 50% acetic acid. Slides were pretreated according to the
methods of Heslop-Harrison (1998) and kept at —20°C
until FISH was performed.

Fluorescence in situ hybridization

Probe preparation and signal detection for FISH was as
described previously (Jackson et al. 1998).

Results
Chromosome placement of the MSY

We previously demonstrated that severe suppression of
recombination occurred in the MSY of the papaya Y"
chromosome (Ma et al. 2004; Liu et al. 2004). To physi-
cally locate the MSY on the Y" chromosome, we directly
hybridized two confirmed MSY BACs, 54HO1 and
76MO08, on interphase, prometaphase, metaphase, and
anaphase chromosomes (Fig. 1). Both BACs located on or
near the centromere and the conserved sequences showed
weaker signals at the centromeres of other chromosomes
(Fig. 1a and c). BAC 54HO1 showed a particularly strong
signal on the Y" chromosome. Hybridization of 54H01 to
the apex of the V-shaped anaphase chromosomes was
suggestive that the MSY is near the centromere (Fig. 1b).
The chromosome showing the second strongest signal is
postulated to be the X chromosome (Fig. 1b), which,
despite sequence divergence from the Y", shares more
similarity with the MSY than with other chromosomes.
BAC 76MO08 hybridized strongly to the pair of Y" chro-
mosomes in a tetraploid cell arising from endoreduplica-
tion in flower buds. In this case, the signal from the X
chromosome was not distinguishable from that of auto-
somes (Fig. Ic), suggesting more extensive sequence
divergence between the X and Y!" chromosomes in this
region. The paired images showed MSY BACs to be
located in the more intensely stained regions (particularly
the pair in Fig. le and h), reinforcing the notion that the
MSY might be located near the centromere of the Yh
chromosome (Fig. 1d-i). The X and Y sequence diver-
gence was further demonstrated by simultaneous pachy-
tene FISH mapping of BAC 76M08 and the neighboring
BAC 79C23, each with a non-MSY BAC on the same
slide, showing a strong signal on a single chromosome
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Fig. 1 FISH mapping of MSY BACs on papaya chromosomes at
different stages of the cell cycle. a FISH mapping of MSY BAC clone
54HO1 (188 kb) on papaya prometaphase chromosomes with a strong
signal on the Y, weaker signal on the X, and faint signals on centro-
meres of some chromosomes. b MSY BAC 54HO01 on anaphase chro-
mosomes with strong signal on the Y" and weaker signal on the X
chromosome at the bottom of the V shape. ¢ MSY BAC clone 76M08
(green) and Arabidopsis thaliana BAC F16F17 (red) from chromosome
5 containing histone-like transcription factor (CBF/NF-Y) on meta-
phase chromosomes of tetraploid cells with strong signals on two Y"
chromosomes and cross hybridization on centromeres of other chromo-

(Fig. 1j and k) and by the mapping of BAC 76M08 alone

on a metaphase chromosome (Fig. 11). These two MSY
BACs, 76M08 and 79C23, did not hybridize to their X
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somes. d, e MSY BAC clones 54HO1 (green) and 76MOS (red) on pa-
paya prometaphase chromosomes. f MSY BAC clones 54HO1 (green)
and 94E22 (red) on papaya prometaphase chromosomes. g—i The corre-
sponding DAPI-stained chromosomes to d—f, j On interphase nuclei,
the MSY BAC 76MO08 (green) showed a strong signal on one chromo-
some, while the non-MSY BAC 08]04 (red) showed signals on one pair
of chromosomes. k MSY 79C23 (red) showed only a single FISH site,
while previously identified BAC 71E16 (green) showed two sites on a
different pair of interphase chromosomes, suggesting that this BAC was
not on the Y" chromosome. 1 MSY BAC 76MO08 (green) on papaya pro-
metaphase chromosomes showing signal on only one chromosome

chromosome counterparts. The non-MSY BACs, 08J04
and 71E16, showed strong signals on two homologous
chromosomes (Fig. 1j and k).
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Sequence analyses and characterization of five MSY BACs

To elucidate the genomic features of the MSY, we
sequenced five mapped MSY BACs, 54HO01, 76MO0S,
42B05, 41F24, and 94E22. The physical map positions of
these 5 BACs on the current MSY map are shown in sup-
plemental Fig. 1. Sequence analysis showed that none of
these BACs contain known centromere-specific sequences,
but they did contain numerous gypsy retroelements, which
are a typical feature of the pericentromeric region of plant
chromosomes (i.e. abundant gypsy and few copia retroele-
ments). The total sequences of 714,880 bp from these five
BACs contained 140,834 bp (19.7%) of known repetitive
sequences based on a RepeatMasker search. The repetitive
sequences included 115 gypsy retroelements totaling
110,693 bp, two copia retroelements totaling 2,138 bp, 85
simple repeats totaling 4862 bp, 457 low complexity
repeats totaling 22,805 bp, one DNA transposon of 251 bp,
and one small RNA of 74 bp (Fig. 2; Table 1).

Detailed sequence comparison among these five BACs
revealed numerous small scale duplication events, some of
which have resulted from MSY sequence divergence, fol-
lowing large scale duplication events (Supplemental
Table 1). An ancient inverted duplication appears to have
occurred in the region covered by MSY BAC 54H01, fol-
lowed by a recent direct duplication event involving BACs
54HO1 and 42B05 as shown by direct sequence alignment

between these two BACs (Fig. 3). The recent duplication
Fig. 2 Genomic structure of 54H01
five MSY BAC:s. Distributions
of repetitive sequences on the
BACsS are shown as vertical bars.
Intrachromosomal segmental
duplications of >3 kb and >80%
sequence identity are shown by
the same color. Orientation of
the duplications is indicated by
arrows. Specific sequence dupli-
cations occur across several
BAC:s. Details of location, orien-
tation, and extent of segmental
duplications are listed in Supple-
mental Table 1. The chloroplast
genomic DNA insertions are
shown as thick green arrows

76M08

42B05

41F24

94E22

LTR/Gypsy Elements |

> Duplications

spans at least 90 kb of the BAC 42B05 with highly con-
served and co-linear sequence alignment. The ancient
inverted duplication is seen by sparse sequence conserva-
tion and DNA sequence expansion in the region covered by
54HO1. These two duplication events were also obvious in
the dot plot of gapless sequence alignment generated by
BlastZ after masking the repetitive sequences (Supplemen-
tal Fig. 2).

Comparison of these five MSY BAC sequences to the
entire Arabidopsis genome revealed matching sequences
from three of them, 54HO1, 76MO08, and 41F24. Most
matches occurred in the centromeric and pericentrimeric
regions (Supplemental Fig.3). A cluster of four tandem
79 bp repeats within 1603 bp on BAC 76M08 matched 5 S
ribosomal RNA genes in the Arabidopsis centromeric
region with 97% DNA sequence identity. A fragment of
410 bp of BAC 54HO1 matched chloroplast DNA located
in the Arabidopsis pericentromeric region with 86% DNA
sequence identity.

Mining for functional genes from five MSY BACs

DNA sequences of the five MSY BACs were used to search
for functional genes in the 8,571 papaya unigene set
derived from flower buds (Yu etal. unpublished data).
There was not a single match. A GenBank non-redundant
protein database search revealed no matches to any known
genes on these five BACs. After masking the repetitive

Small RNA LTR/Copia Elements

)  Chloroplast DNA

50kb 100kb 150kb 200kb
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
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Table 1 Composition of repetitive sequences on five MSY BACs

76M08 94E22 42B05 41F24 54H01
Types of repetitive Length  Percentage Length  Percentage Length  Percentage Length  Percentage Length  Percentage
sequences occupied of sequence occupied of sequence occupied of sequence occupied of sequence occupied of sequence
(bp) (%) (bp) (%) (bp) (%) (bp) (%) (bp) (%)

Retroelements 18870 14.22 22833 12.38 15782 17.42 11891 10.03 43455 23.03
SINEs 0 0 0 0 0 0 0 0 0 0
LINEs 0 0 0 0 0 0 0 0 0 0
LTR elements 18870 14.22 22833 12.38 15782 17.42 11891 10.03 43455 23.03
Ty1/Copia 2138 1.61 0 0 0 0 0 0 0 0
Gypsy/DIRS1 16732 12.61 22833 12.38 15782 17.42 11891 10.03 43455 23.03
DNA transposons 251 0.19 0 0 0 0 0 0 0 0
Total interspersed 19121 14.41 22833 12.38 15782 17.42 11891 10.03 43455 23.03

repeats
Small RNA 0 0 74 0.04 0 0 0 0 0 0
Simple repeats 564 0.42 3241 1.76 172 0.19 403 0.34 482 0.26
Low complexity 2802 2.11 8769 4.76 2968 3.28 3878 3.27 4388 2.326
Bases masked 22487 16.94 34917 18.94 18922 20.89 16183 13.65 48325 25.61
Total length 132736 bp 184362 bp 90579 bp 118541 bp 188662 bp
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i 1= ] < )

i : {
N S S W TN (1L T (WA WO 1) 4,

Fig. 3 DNA sequence comparison between MSY BACs 54HO1 and
42B05. The BAC 54HO01 is shown as a green horizontal line and BAC
42B05 is shown as a blue horizontal line. The location and direction of
each block of duplication are indicated by a pair of triangles. The large

sequences, 26 potential genes were predicted using Gene-
Scan software. Fifty-two primer pairs, designed from the
predicted genes, were used in RT-PCR using total RNA
from three different tissues to verify gene expression. Nine-
teen of the 52 primer pairs amplified cDNA fragments,
while the other 33 pairs failed to produce a PCR product.
Twelve of the 19 successful amplifications produced frag-
ments of the predicted size and seven produced fragments
of different sizes. Sequencing each of the 19 fragments
showed that none of them matched the DNA sequences of
the MSY BACs.
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block of duplication started from the second half of BAC 54H01 and
covered the entire BAC 42B05 about 500 kb apart. The size of this
duplication is likely larger than 90 kb as detected by DNA markers

Discussion

For a primitive sex chromosome system with a small MSY,
the information on the chromosomal location and their
genomic features is crucial for understanding the mecha-
nism and selection forces led to the rise of the sex chromo-
somes. It also helps to design strategies for functional
analysis of the MSY and the ultimate identification of the
sex determination genes. In the study presented here we
have mapped the papaya MSY near the centromere.
Detailed analyses of five MSY BACs revealed extremely
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low gene density, suggesting that the MSY originated from
a gene poor region. The chromosomal origin of the sex
chromosomes in papaya has two implications: (1) it might
be universal that sex chromosomes originate from a region
restricted for recombination; (2) there are diverse mecha-
nisms to provide the initial suppression of recombination
that cause the rise of sex chromosomes in addition to inver-
sions, deletions/duplications, and translocations. The col-
lection of long contiguous genomic sequences of a Y
chromosome allows a case study of the process of Y chro-
mosome degeneration. Based on the chromosomal location
of the MSY and its gene poor nature, we expect to encoun-
ter potential heterochromatic islands on the MSY during
our quest to map and sequence this genomic region, and we
plan to conduct initial functional analysis of the MSY by
RT-PCR and quantitative RT-PCR because of the limited
number of predicted genes.

The paucity of genes uncovered in the five MSY BACs
that we sequenced is quite rare, with the possible exception
of degenerated Y chromosomes and to a lesser extent, chro-
mosome centromeric regions. The papaya MSY could pos-
sibly lie within a pericentromeric region, which is
recognized as usually gene poor. However, the papaya
MSY was not completely devoid of genes. Four genes were
identified from the two MSY BACs 95B12 and 85B24 (Yu
et al. submitted). The gene density of these fully character-
ized BACs was 1 gene/257 kb, which contrasts with an
average gene density of 1 gene/10.6 kb in the papaya
genome based on an estimate from BAC end sequences
(Lai et al. 2006). As an example of sequenced gene poor
regions, the rice centromere CENS contains 1 gene/46.9 kb
in the 750 kb CENH3 binding domain (A) (Yan et al.
2005); however, it should be noted that this centromere
evolved recently, only 8 million years ago (mya). As a sec-
ond example, the 23 Mb euchromatic human Y chromo-
some sequence contains 78 protein-coding genes at an
average gene density of 1 gene/294 kb. The gene density in
the papaya MSY region is higher than in the human Y chro-
mosome. The human Y chromosome evolved from a com-
mon ancestral autosome shared with birds about 310 mya
(Waters et al. 2007), whereas the papaya Y chromosome is
calculated to be about 2 to 3 mya based on sequence diver-
gence of X and Y gene pairs (Yu et al. submitted). The low
gene density of the papaya MSY region in spite of its young
age could be a consequence of its origin in a gene-poor
pericentromeric region.

Local segmental duplications, transposable elements,
and plastid DNA insertions, have all contributed to diver-
gence of the papaya Y chromosome from its X chromo-
some counterparts. Based on the numerous small tandem
duplications on 54HO1 and their matching sequences on
42B05 (Fig. 3), it appears that a duplication within the
MSY BAC 54HO01 preceded the duplication between BACs

54HO1 and 42B05. The possibility of these two duplication
events is supported by the different degree of the inter-
spersed sequences caused by insertions and deletions dur-
ing the process of Y chromosome evolution (Fig. 3).

After genetic and physical mapping placed the MSY of
papaya near the middle of LG 1 (Ma et al. 2004; Liu et al.
2004), we postulated that this region might be close to the
centromere. Chromosome FISH mapping of MSY BACs
validated this notion. The lack of centromeric-type
sequences from the MSY BACs reported here support the
possibility that the MSY is on only one side of the centro-
mere and does not include it. This pericentromeric region
might have provided initial reduction of recombination at
the sex determination locus. Subsequent chromosomal rear-
rangements such as duplications and inversions could have
reinforced the suppression of recombination and extended
the non-recombining region. Precedence for such a possi-
bility is seen with the Arabidopsis centromere 1 (CEN1)
that showed 53-fold reduction in recombination frequency
in the left pericentromere, a 10-fold reduction in the right
pericentromere, and 200-fold reduction in the centromeric
core (Haupt etal. 2001). The papaya MSY showed no
recombination within about a 1 Mb region tested by sex-
linked male-specific markers W11 and T12 on 1481 F, and
F; plants (Liu et al. 2004). This lack of recombination is a
further indication of divergence of the MSY sequence from
an ancestral autosomal sequence that was shared with the X
chromosome, as opposed to the original pericentromeric
sequence that would recombine at a very low rate.

It should be noted that the origin of the MSY on young
Y chromosomes of papaya, medaka, and sticklebacks
appears to be at chromosomal regions known for restricted
recombination. The medaka Y chromosome originated
from insertion of a duplicated fragment on LG 9 and this
inserted genomic fragment had no homologous sequence
with which to pair and recombine (Kondo et al. 2004). The
MSY of sticklebacks is in the telomeric region of the Y
chromosome (Peichel et al. 2004), whereas the chromo-
somal origin of the MSY in papaya we report here appeared
to be in the pericentromeric region.

The location of the papaya Y chromosome and its abun-
dance of gypsy-type retroelements are consistent with the
prevalence of gypsy-type retroelements in the centromeric
and pericentromeric regions in cereals and Arabidopsis
(Kurata et al. 2002; Jiang et al. 2003; Nagaki et al. 2003).
The 13.7-25.6% masked repetitive sequences on each of the
papaya MSY BACs using an Arabidopsis repeat database
are likely underestimates of the level of repetitive
sequences. For example, when the 258 kb MSY sequences
of medaka were searched using RepeatMasker2 program
against the fugu repeat database, only 4.2% of the medaka
sequences were identified as repetitive sequences. However,
when using a database consisting of medaka, fugu, and
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zebrafish repeat sequences, 53.2% of the medaka MSY
sequences were classified as repetitive (Kondo et al. 2006).
Six of the ten most abundant papaya-specific repeats shared
homology with papaya MSY sequences (Lai et al. 2006),
further suggesting that a significant fraction of the repeat
sequences on the papaya MSY were not masked by the Ara-
bidopsis repeat database. Currently, there is no papaya spe-
cific repeat database. More detailed MSY sequence analysis
will be carried out when such a repeat database is available.

The key event for evolution of sex chromosomes is the
suppression of recombination at the sex determination
locus. Male and female sterile mutations on nuclear DNA
could occur at a chromosomal location where the mecha-
nism of suppression of recombination was already in place,
as shown in the telomeric location of the MSY in a nascent
Y chromosome in stickleback fish (Peichel et al. 2004).
There is only one pseudo-autosomal region on the q arm of
the Silene Y chromosome (Di Stilio 1998; Lengerova
2003), and it appears that the suppression of recombination
started from the p arm (without PAR) and spread to the q
arm of the Y chromosome (Lengerova et al. 2003; Nicolas
et al. 2005; Zluvova et al. 2005). Initiation of the papaya
MSY near the centromere might have placed it in a region
with reduced genetic recombination and allowed sequence
divergence in an already gene-poor region, facilitating the
evolution of a recently evolved Y chromosome.
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